Limb Mammary Syndrome: A New Genetic Disorder with Mammary Hypoplasia, Ectrodactyly, and Other Hand/Foot Anomalies Maps to Human Chromosome 3q27  by van Bokhoven, Hans et al.
Am. J. Hum. Genet. 64:538–546, 1999
538
Limb Mammary Syndrome: A New Genetic Disorder with Mammary
Hypoplasia, Ectrodactyly, and Other Hand/Foot Anomalies Maps to
Human Chromosome 3q27
Hans van Bokhoven,1 Martin Jung,2 Arie P. T. Smits,1 Sylvia van Beersum,1
Franz Ru¨schendorf,2 Maurice van Steensel,1 Monique Veenstra,1 Joep H. A. M. Tuerlings,1
Edwin C. M. Mariman,1 Han G. Brunner,1 Thomas F. Wienker,2 Andre Reis,2,3
Hans-Hilger Ropers,1,4 and Ben C. J. Hamel1
1Department of Human Genetics, University Hospital Nijmegen, Nijmegen; and 2Mikrosatellitenzentrum, Max-Delbru¨ck-Centrum fu¨r
Molekulare Medizin, 3Institute of Human Genetics, Charite´, Humboldt University, and 4Max Planck Institut fu¨r Molekulare Genetik, Berlin
Summary
We report on a large Dutch family with a syndrome
characterized by severe hand and/or foot anomalies, and
hypoplasia/aplasia of the mammary gland and nipple.
Less frequent findings include lacrimal-duct atresia, nail
dysplasia, hypohydrosis, hypodontia, and cleft palate
with or without bifid uvula. This combination of symp-
toms has not been reported previously, although there
is overlap with the ulnar mammary syndrome (UMS)
and with ectrodactyly, ectodermal dysplasia, and clefting
syndrome. Allelism with UMS and other related syn-
dromes was excluded by linkage studies with markers
from the relevant chromosomal regions. A genomewide
screening with polymorphic markers allowed the local-
ization of the genetic defect to the subtelomeric region
of chromosome 3q. Haplotype analysis reduced the crit-
ical region to a 3-cM interval of chromosome 3q27. This
chromosomal segment has not been implicated previ-
ously in disorders with defective development of limbs
and/or mammary tissue. Therefore, we propose to call
this apparently new disorder “limb mammary syn-
drome” (LMS). The SOX2 gene at 3q27 might be con-
sidered an excellent candidate gene for LMS because the
corresponding protein stimulates expression of FGF4,
an important signaling molecule during limb outgrowth
and development. However, no mutations were found
in the SOX2 open reading frame, thus excluding its in-
volvement in LMS.
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Introduction
Limb defects are frequently encountered in humans, and
their clinical presentation shows wide variation. In gen-
eral, three categories can be distinguished (Stoll et al.
1998): (1) absence or severe hypoplasia leading to de-
ficiencies of one or more limb elements; (2) duplication
defects resulting in supernumerary limb elements
(digits); and (3) fusion/separation defects, including syn-
dactyly and symphalangia. Limb defects can be caused
by genetic factors, chromosomal abnormalities, terato-
gens, mechanical constriction of limbs during fetal
growth, or combinations of these factors.
Much of what is known about the normal develop-
ment of limbs comes from experimental analysis of chick
embryos (Tickle 1995; Cohn and Tickle 1996) and from
spontaneous and induced mutations in mammals (Nis-
wander 1997). The final specification of the limb mor-
phology is determined by the action of signaling mole-
cules along the three coordinates of the limb bud
(proximal-distal, anterior-posterior, and dorsal-ventral).
Signaling by fibroblast growth factors (FGFs) from the
apical ectodermal ridge to the underlying mesenchyme
promotes outgrowth of the bud and proximal-distal pat-
terning (Niswander et al. 1993; Crossley et al. 1996).
Expression of Wnt-7a in the dorsal ectoderm and en-
grailed in the ventral ectoderm provide the signals for
dorsoventral pattern formation, as has been elegantly
demonstrated by targeted inactivation of the respective
genes in mice (Parr and McMahon 1995; Loomis et al.
1996). Expression of Sonic hedgehog (Shh) in the zone
of polarizing activity, a group of cells in the posterior
mesenchyme, is the key signal for anterior-posterior pat-
terning of the limb (Riddle et al. 1993). Besides these
signaling molecules, many others are involved in normal
limb development. Signaling also occurs among the three
axes, as demonstrated by the reciprocal interactions be-
tween Shh, Fgf-4, and Wnt-7a (Laufer et al. 1994; Nis-
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wander et al. 1994; Parr and McMahon 1995; Yang and
Niswander 1995).
During the past few years, there has been a steady
increase in the number of limb disorders for which the
genetic cause has been resolved. Some of the relevant
proteins play a role as either signaling molecules (e.g.,
CDMP1 [Thomas et al. 1996, 1997; Polinkovsky et
al. 1997]) or transcription factors (e.g., HOXA13,
HOXD13, GLI3, LMX1B, and SOX9 [Vortkamp et al.
1991; Foster et al. 1994; Wagner et al. 1994; Muragaki
et al. 1996b; Kang et al. 1997; Mortlock and Innis 1997;
Radhakrishna et al. 1997; Chen et al. 1998) or function
as structural proteins (e.g., COL9A2 [Muragaki et al.
1996a]). Two putative transcription factors belonging to
the Brachyury (T) family have recently been implicated
in human limb-malformation syndromes: TBX5 inHolt-
Oram syndrome (Basson et al. 1997; Li et al. 1997) and
TBX3 in the ulnar-mammary syndrome (UMS) (Bam-
shad et al. 1997). UMS is characterized by posterior-
limb deficiencies or duplications in conjunction with
mammary-gland hypoplasia and apocrine and genital
defects (Bamshad et al. 1996).
Here we present a large family with clinical manifes-
tations resembling those seen in ectrodactyly, ectodermal
dysplasia, clefting (EEC) syndrome and UMS. We pro-
pose the name “limb mammary syndrome” (LMS) for
this apparently new syndrome. A genomewide screening
with polymorphic markers allowed the localization of
the genetic defect to the subtelomeric region of chro-
mosome 3q.
Patients and Methods
Patients
The family (fig. 1, branch B) was ascertained when
VII:11 was referred for genetic counseling because of his
split hand/foot and similar and other hand/foot anom-
alies in close relatives. After having collected all the clin-
ical data, we realized that there was another family with
a similar constellation of anomalies who were living in
the same city (fig. 1, branch A). Through genealogical
studies, we were able to connect these as two branches
of one family. Branch A of the family contains 11 pa-
tients who are still alive (9 males and 2 females) and
branch B contains 18 (9 males and 9 females). In total,
21 patients (16 males and 5 females) were examined
clinically. Preliminary data on this family have been pre-
sented previously at the annual meeting of the European
Society of Human Genetics (Hamel et al. 1996).
Genotyping
After informed consent was obtained, genomic DNA
was extracted, by a salt extraction procedure, from pe-
ripheral blood lymphocytes of 77 members of the family
(Miller et al. 1988). The DNA concentration was mea-
sured by optical density (OD260), and the purity was
checked by determination of the OD260:OD280 ratio.
Manual genotyping of microsatellite markers in the
proximity of the TBX3 gene on chromosome
12q23–q24 was performed as described elsewhere (Kre-
mer et al. 1994). Semiautomated genotyping was per-
formed as described by Saar et al. (1997), with an ABI
373A sequencer and GENESCAN 2.0 and GENO-
TYPER 1.2 software. Genotypes were checked forMen-
delian segregation by LINKRUN.Microsatellitemarkers
were chosen from the MDC-microsatellite panel, on the
basis of the final Ge´ne´thon (Fondation Jean Dausset/
CEPH) linkage map (Dib et al. 1996).
Linkage Analysis
A restricted set of 36 family members was chosen for
genomewide linkage analysis after extensive simulations
to determine the most informative situation. Approxi-
mately 300 markers were typed in these individuals,
which excluded most of the genome. Chromosomes 13
and 14 were not tested, because convincing evidence for
linkage was obtained with two markers, D3S1580 and
D3S1265, both from distal chromosome 3q. Subse-
quently, we employed a total of 10 markers from this
region, in a 20-cM interval, to narrow the region of the
genetic defect. Two-point LOD scores were calculated
by the LINKAGE package (Lathrop and Lalouel 1984).
Penetrance was arbitrarily determined at 95%, and
marker-allele frequencies were estimated by the ILINK
option. Disease-gene frequency was defined as .00001.
The affection status of individuals V:13 and VI:5 was
unknown at the time of the calculations and was there-
fore fixed at 0.
Mutation Analysis
The initial mutation screening of the SOX2 gene was
performed by SSCP analysis. Five pairs of primers cor-
responding to sequences of the open reading frame
(ORF) of the intronless SOX2 gene were used to amplify
200–300-bp fragments of the gene in patients and
healthy individuals from the family and in an unrelated
control individual. Primer sequences were as follows:
1F, 5′-ACAGCGCCCGCATGTACAACA-3′; 1R, 5′-C-
GCTTGCTGATCTCCGAGTTG-3 ′; 2F, 5 ′-GGC-
AACCAGAAAAACAGCCCG-3′; 2R, 5′-GTACCTAT-
CCTTCTTCATGAGCG-3′; 3F, 5′-AGCGCTGCACAT-
GAAGGAGCA-3′; 3R, 5′-GCGGTGCATGGGCTGCA-
TCT-3 ′; 4F, 5 ′-TGATGCAGGACCAGCTGGGC3 ′;
4R, 5′-TGCTGATCATGTCCCGGAGGT-3′; 5F, 5′-A-
TGTCCTACTCGCAGCAGGGC-3′; and 5R, 5′-AT-
TTCTCCCCCCTCCAGTTCG-3′. PCR reactions were
performed either with [32P] end-labeled primers or in the
presence of [32P]-dCTP. The SSCP was performed ac-
540 Am. J. Hum. Genet. 64:538–546, 1999
Figure 1 Pedigree of family with LMS. The propositus, VII.11 in branch B, is indicated by the arrow. Genealogical study allowed us to
connect branch B with branch A, which was already known to us. Blackened symbols denote affected individuals who had been clinically
investigated by us; half-blackened symbols denote either obligate carriers of the disease or that the affected status was obtained anamnestically.
Underlined numbers denote individuals on whom linkage analysis was performed.
Figure 2 Hand and foot malformations of female VI:23. A,
Right hand, showing syndactyly of 3d and 4th fingers and flexion or
deformity of 2d–4th fingers. B, Left hand. Preaxial polydactyly with
absence of the 2d and 3d fingers is most likely; alternatively, the defect
is syndactyly of the 1st and 2d fingers, in combination with absence
of the 3d finger. C, Right foot, showing hallux valgus, absence of the
2d toe, hypoplasia of the 3d toe, and syndactyly of the 3d and 4th
toes.D, Left foot after surgical removal of the 2d and 3d toes, showing
hypoplasia of the 4th and 5th toes and hallux valgus.
cording to the method of Orita et al. (1989), with slight
modifications. Amplification products were denatured
and applied to 6% nondenaturing polyacrylamide gels
with or without 10% glycerol.
The entire ORF of the SOX2 gene of patient VI:17
was also screened for mutations, by sequencing. For this,
the SOX2 sequences were amplified by primers 1F and
5R, and the resulting 1-kb product was cloned in the
SmaI site of plasmid Bluescript SK (Stratagene). Both
strands of seven individual clones were sequenced by the
T3 and T7 primers, as well as primers 1F through 5R.
Sequence reactions were performed by the Thermo Se-
quenase dye terminator cycle sequencing pre-mix kit
(Amersham Life Science), according to the manufac-
turer’s recommendations. Products were analyzed by an
ABI 373A DNA Sequencing System (Applied
Biosystems).
Results
Clinical Description of the Family
There were 29 living affected family members—18
men and 11 women. Medical records and clinical pho-
tographs were available for one deceased woman and
for five other women who refused to be examined.
Twenty-one individuals (16 males and 5 females) were
clinically examined, and their medical histories were re-
corded. Clinical expression was extremely variable. The
least affected person in the family is V:11, who has athe-
lia only, although his grandchild VII:1 has severe hand
and foot anomalies with athelia, lacrimal-duct atresia,
hypodontia, and earpits. The clinical variability of the
hand and foot anomalies is shown in figures 2–7. The
three major categories of limb defects (i.e., deficiencies,
duplications, and fusion/separation defects), as well as
several combinations thereof, were all observed. Varia-
tion in the severity of the limb defects was observed not
only between individuals but, occasionally, also between
the left and right hand/foot of one individual. In general,
patients from branch B (figs. 2–5 and 7) had more-pro-
nounced limb defects than were seen in those from
branch A (fig. 6). All clinical features are summarized
in table 1. The most consistent defect was nipple hy-
poplasia/aplasia, which was seen in all affected individ-
uals examined. Hand and/or foot anomalies and
hypoplasia/aplasia of the mammary gland were also
common features.
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Figure 3 Hand and foot malformations of an affected son, VII:
11, and grandson, VIII:4, of VI:23 (shown in fig. 2). A, Hands of VII:
11. The right hand is cleft, with absence of the 2d and 3d fingers and
hypoplasia of the 4th and 5th fingers; the left hand shows surgically
corrected syndactyly of the 1st and 2d fingers and of the 3d and 4th
fingers, hypoplasia of the 2d finger, and camptodactyly of the 3d and
4th fingers. B, Feet of VII:11, after undetermined surgical intervention.
The right foot is split, with hallux valgus, absence of the 2d toe,
syndactyly of the 3d–5th toes, and hypoplasia of the 3d toe; the left
foot is split, with hallux valgus, absence of the 2d toe, and syndactyly
of the 3d and 4th toes. C, Hands of VIII:4. The right hand is split,
with absence of the 3d finger, syndactyly of the hypoplastic 1st and
2d fingers, and camptodactyly of the 5th finger; the left hand is split,
with absence of the 3d finger and syndactyly of the 1st and 2d fingers
and of the 4th and 5th fingers and with radial deviation of the tips of
the 4th and 5th fingers. D, Feet of VIII:4. The right foot is split, with
absence of the 2d toe, syndactyly of the 3d and 4th toes, and hallux
valgus; the left foot is split, with syndactyly of the 3d and 4th toes
and hallux valgus.
Figure 4 Radiographs of hand and feet of VIII:4, taken shortly
after birth. For comparison with this individual’s present condition,
see fig. 3C and D. A, Right hand, showing normal 4th ray, absent 3d
ray, and hypoplasia of the other three rays, with soft-tissue syndactyly
of the 1st and 2d fingers. B, Left hand, showing absent 3d ray, su-
perimposed 1st and 2d metacarpalia with incomplete phalanges, broad
and possibly synostotic 4th metacarpus with bizarre synostotic pha-
lanx, and soft-tissue syndactyly of the 1st and 2d fingers and of the
4th and 5th fingers. C, Left foot, showing normal metatarsalia except
for the short 3d metatarsus, abnormally shaped andmissing phalanges,
and cutaneous syndactyly of the 3d and 4th toes.D, Right foot, show-
ing hooked and possibly synostotic 2d metatarsus, abnormally shaped
and missing phalanges, absence of the 2d toe, and cutaneous syndac-
tyly of the 3d and 4th toes.
The differential diagnosis includes UMS (MIM
181450), EEC (MIM 129900), ectrodactyly with cleft
palate (ECP [MIM 129830]), and acro-dermato-ungual-
lacrimal-tooth (ADULT) syndrome (MIM 103285).
Each of these entities, however, has one or more distin-
guishing features. The limb defects seen in this family
were distinct from those in UMS (Bamshad et al. 1996).
In the EEC and ECP syndromes, the hair/skin abnor-
malities are key features, which were not seen in this
family. Cleft lip, a recurrent feature of EEC syndrome,
was not observed in this family either. Furthermore,
breast/nipple hypo/aplasia is only occasionally seen in
EEC/ECP syndrome (Opitz et al. 1980; Rodini and Ri-
chieri-Costa 1990; Maas et al. 1996), whereas in this
family it was a consistent feature. Additional character-
istics of ADULT syndrome are hair and skin abnor-
malities and pigmentary problems, whereas cleft palate/
bifid uvula, as well as breast and nipple anomalies, are
lacking (Propping and Zerres 1993).
Linkage Analysis
Given the phenotypic overlap between this family and
individuals with UMS, markers from the proximity of
the TBX3 gene (i.e., D12S78, D12S84, D12S79,
D12S369, and PLA-2) were tested for possible linkage.
However, many recombination events between these
markers and the disease locus were detected, excluding
the involvement of the TBX3 gene or any other gene in
12q23–q24. Other chromosomal regions to which syn-
dromes with similar features have provisionally been lo-
calized were also excluded: 6q21 (split hand/foot syn-
drome), 7q11.21 and 19q (EEC syndrome), 7q21–q22
(split hand/foot), and 10q24–q25 (split hand/foot).
Therefore, we decided to screen the entire genome to
localize the genetic defect in this family. Almost 300
542 Am. J. Hum. Genet. 64:538–546, 1999
Figure 5 Hand and foot malformations of an affected son, VII:
13, and granddaughter, VIII:5, of VI:23 (shown in fig. 2). A, Hands
of VII:13. The right hand is split, with absence of the 2d and 3d fingers,
syndactyly of the 4th and 5th fingers, and hypoplasia of the 5th finger.
B, Feet of VII:13 after surgical removal of syndactylous toes, showing
hallux valgus. C,Hands of VIII:5. The right hand is split, with absence
of the 2d and 3d fingers, syndactyly of the 4th and 5th fingers, and
both hypoplasia and camptodactyly of the 5th finger; the left hand is
split, with absence of the 2d and 3d fingers. D, Feet of VIII:5. The
right foot is split, with absence of the 2d toe, syndactyly of the 3d–5th
toes, and hypoplasia of the 3d toe; the left foot is split, with absence
of the 2d toe, syndactyly of the 3d and 4th toes, and hallux valgus.
Table 1
Summary of Clinical Features
Defect Frequency
Hand anomaliesa 18/27
Foot anomaliesa 21/27
Mammary gland hypo/aplasiab 10/11
Nipple hypo/aplasia 27/27
Lacrimal-duct atresiac 7/15
Nail dysplasia 7/21
Hypohydrosis 7/21
Cleft palate/bifid uvulad 6/22
Hypodontia 3/21
Furunculosis/hydradentitis 3/21
Earpits 2/21
Skin and/or hair anomalies 0/21
a Includes camptodactyly, brachydactyly,
syndactyly, preaxial polydactyly, split hand/
foot, incomplete phalanges, and hypoplasia.
b One female was prepubertal.
c In the absence of records, this defect
could not always be verified.
d One of the five women not examined had
a cleft palate.
Figure 6 Limb defects observed in VI:9 and her son VII:3. A,
Hands of VII:3. The right hand, shown after surgical removal of the
3d-ray bones, shows radial deviation of the 2d finger; the left hand is
normal. B, Feet of VI:9. The right foot shows syndactyly of the 1st
and 2d toes and of the 3d and 4th toes; the left foot is normal. C,
Radiograph of right hand of VII:3 before surgery, showing normal
metacarpalia, except for outgrowth of the 2d finger; radial deviation
in the proximal interphalangeal joint of the 2d finger; absence of the
3d finger; and bony structures both between the 2d and 3d metacar-
palia and on top of the 3d metacarpus. D, Feet of VII:3. The right
foot is split, with syndactyly of the 1st and 2d toes and of the 3d and
4th toes and with hypoplasia of the 2d and 3d toes; the left foot is
split, with syndactyly of the 1st and 2d toes and of the 3d and 4th
toes and with hypoplasia of the 2d toe.
markers were analyzed in a restricted set of 36 individ-
uals, who were selected after extensive simulations to
determine the most informative part of the family. Most
of the genome could be excluded in this way, except for
chromosomes 13 and 14, which were not tested. Evi-
dence for linkage was obtained on distal chromosome
3q, near D3S1580 and D3S1265. To narrow this region,
a more detailed investigation was then performed in the
entire family (72 persons), by use of a total of 10markers
covering a 20-cM interval within this region (table 2).
Significant LOD scores (i.e., 13) were obtained with al-
most all markers from the 3q27 region. The highest LOD
score was 12.014 at a recombination fraction (v) of 0,
for marker D3S3530. In addition, haplotype analysis
was performed with the 10 markers from the critical
region of chromosome 3. Reconstruction of the most
probable haplotypes was accomplished manually and
allowed us to trace the recombination events. An over-
view of the critical recombinations is presented in figure
8. Marker D3S2398 is not included in this figure because
its position relative to the other markers could not be
determined. A recombination event between D3S1314
and D3S3530 was seen in unaffected female V:1. The
proximal boundary was determined by a recombination
event between D3S1580 and D3S3530 in affected male
VII:3. Additional crossovers were seen between
D3S3686 and D3S1580, as well as between D3S1314
and D3S1601, showing that the most likely location of
the genetic defect in this family is between D3S1580 and
D3S1314.
Mutation Analysis in the SOX2 Gene
Of the few genes that have been mapped to the critical
region on chromosome 3q, SOX2, a member of the SRY
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Figure 7 Limb defects observed in VI:39 and his son, VII:36.
A, Feet of VI:39. The right foot shows syndactyly of the 1st and 2d
toes; the left foot is normal. B, Hands of VII:36. The right hand is
normal; the left hand shows syndactyly of the 3d and 4th fingers.
Table 2
Cumulative Two-Point LOD Scores, between 3q27 Markers and LMS Locus
MARKER
LOD SCORE AT v 
MAXIMUM
v.00 .01 .05 .10 .15 .20 .30 .40
D3S1262 9.96 4.91 7.01 7.21 6.81 6.13 4.26 1.91 7.21
D3S3686 8.58 5.83 7.14 7.02 6.48 5.75 3.91 1.71 7.14
D3S1580 6.87 9.74 9.79 9.16 8.30 7.31 5.02 2.38 9.79
D3S3530 12.01 11.80 10.90 9.75 8.55 7.31 4.68 1.92 12.01
D3S2398 10.77 10.59 9.83 8.86 7.85 6.80 4.55 2.09 10.77
D3S1314 8.01 7.92 7.49 6.82 6.07 5.26 3.50 1.56 8.01
D3S1601 5.66 1.42 2.90 3.30 3.28 3.04 2.21 1.05 3.30
D3S2748 16.02 1.82 .92 1.84 2.12 2.12 1.61 .74 2.12
D3S1265 4.17 3.66 4.85 4.97 4.70 4.25 3.03 1.49 4.97
D3S1311 19.21 2.61 1.03 2.32 2.76 2.81 2.23 1.10 2.81
family, was considered a promising candidate because
of its reported involvement in regulation of transcription
of the FGF4 gene (Yuan et al. 1995). Its entire 1-kb
ORF, which is not interrupted by introns, was PCR-
amplified by primers 1F and 5R. After verification of
the sequence, this PCR product was used to hybridize a
Southern blot containing EcoRI-digested DNA from sev-
eral affected and unaffected individuals in this family. A
5-kb fragment was detected, which was of comparable
intensity in all lanes, excluding a large deletion as the
cause of the disorder (data not shown). Next, mutation
screening of the SOX2 gene was performed by SSCP
analysis. For this, five pairs of primers were designed
that amplified the gene in overlapping fragments of
200–300 bp. Electrophoretic separation of the [32P]-la-
beled products on gels with or without glycerol did not
reveal any aberrantly migrating band. Finally, to exclude
the possibility that a possible mutation had been missed
by the SSCP screening, we sequenced the ORF of the
SOX2 gene from patient VI:17. No deviations from the
published sequence were detected after sequencing of
both DNA strands.
Discussion
We have presented a new syndrome with defects of
the limbs, nipples, and mammary glands, which we have
denoted “LMS.” The locus for LMS could be assigned
to a restricted region on chromosome 3q27. The major
differential diagnosis for LMS is probably the EEC syn-
drome. However, mammary gland and nipple defects,
which are the most consistent features in this LMS fam-
ily, have been reported only occasionally for patients
with classic EEC (Freire-Maia and Pinheiro 1984; Gorlin
et al. 1990; Roelfsema and Cobben 1996). Furthermore,
skin and hair anomalies have a very high incidence
among patients with EEC but were not observed in any
patient in this LMS family (Freire-Maia and Pinheiro
1984; Gorlin et al. 1990; Rodini and Richieri-Costa
1990; Buss et al. 1995). Previous studies have identified
loci for the EEC syndrome that are on chromosomes 7
and 19 (Scherer et al. 1994; O’Quinn et al. 1998), both
of which were excluded for this LMS family. Neverthe-
less, since there is evidence that additional loci for the
EEC syndrome do exist (O’Quinn et al. 1998), the final
conclusion that LMS and some of the EEC cases are
allelic may be obtained after families with EEC have
been found to have linkage to the 3q27 locus.
Linkage analysis revealed a maximum two-point LOD
score of 12.01 at , for D3S3530. Haplotype anal-v  0
ysis indicated that the most likely critical region for LMS
spans a 3-cM interval between D3S1580 and D3S1314
in 3q27. The distal boundary was determined by a re-
combination event between D3S1314 and D3S3530 in
unaffected female V:1. This localization was obtained
under the assumption of full penetrance of the disorder.
If only the recombination events in affected individuals
are taken into account, the critical region is a 6-cM
interval between D3S1580 and D3S1601.
So far, no single gene is known to map to the critical
3q27 interval between D3S1580 and D3S1314, and only
a few genes have been localized to the wider,
3q26.3–3q27 region, by FISH. Of these, SOX2, which
encodes a member of the SRY-related HMG-box (SOX)
family of DNA-binding proteins, has been considered to
be a strong positional candidate gene for the disorder
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Figure 8 Schematic representation of critical recombination events. The order of markers in the relevant region of chromosome 3q27 is
shown on the left. The various alleles of a marker that were encountered in the individuals shown are identified by number. Boxes denote
haplotypes that cosegregate with the disorder. Note that affected individuals from branches A and B have different alleles for markers D3S1601,
D3S2748, D3S1265, and D3S1311, which reflects an ancient recombination event in the family. The box on the far right denotes the haplotype
common to all affected individuals. Markers D3S1314 and D3S1601 are not informative for patient VIII:5, who is represented by the dotted
line.
described here (Stevanovic et al. 1994). Studies with em-
bryonic stem cells have shown that the mouse Sox2 pro-
tein can form a ternary complex with either the ubiq-
uitous Oct-1 or the embryonic Oct-3 protein, on
enhancer sequences of the Fgf-4 gene (Yuan et al. 1995).
However, only the Sox2-Oct3 complex is able to pro-
mote transcriptional activation of the gene. It is well
established that FGF-4 is an essential signaling molecule
for growth and pattern formation of the developing limb
(Niswander et al. 1993; Parr and McMahon 1995; Yang
and Niswander 1995) and, probably, of the mammary
gland (Coleman-Krnacik and Rosen 1994). It was there-
fore anticipated that mutation of a protein involved in
regulation of embryonic FGF4 transcription could result
in a phenotype including limb defects. Mutation analysis
in the SOX2 gene of patients, determined by Southern
blotting, SSCP, and sequencing, did not reveal any de-
viation of the published SOX2 sequence. Thus, it is
highly unlikely that LMS is caused by mutation of
SOX2, although we cannot exclude disruption of pro-
moter regulatory sequences. Another strong positional
candidate gene is DVL3, a human homologue of the
Drosophila dishevelled gene (Pizzuti et al. 1996). The
segment polarity gene dishevelled is required for re-
sponse to the “wingless,” or “Wg,” signal, the Dro-
sophila equivalent of WNT (i.e., the wingless-type
MMTV integration-site family) (Klingensmith et al.
1994). Southern hybridization of EcoRI-digested DNA
with a probe from the human DVL3 gene was unable
to detect any gross alteration of this gene (data not
shown). Fine mapping of DVL3 should soon reveal
whether it is located in the critical interval, and, if it is,
then exhaustive mutation screening will be performed
in patients with LMS.
The region between D3S1580 and D3S1314 measures
2–3Mb and has been fully covered by YAC clones (Gem-
mill et al. 1995). According to the Human Gene Map
and the UniGene map, ∼10 expressed sequence tags
(ESTs) have been assigned to this segment, and, for three
of these (WI-6145,WI-8844, andWI-6489), the location
on one or more YAC clones from the critical interval
has been demonstrated. Accurate mapping of the other
ESTs should indicate which of these can be considered
part of a positional candidate gene.
Finding the causative gene for LMS is of particular
interest, given the unique combination of symptoms, the
extreme clinical variation, and the suggestion that other
genes influence the severity of the limb defects. Pleio-
tropic genetic features are also seen in UMS. It has been
proposed that the causative gene in UMS, TBX3, is in-
van Bokhoven et al.: Gene Localization for Limb Mammary Syndrome 545
volved in promotion of the regional induction of specific
mesodermal cell populations during limb development.
Furthermore, a role for TBX3 in ectoderm-mesoderm
inductive interactions is suggested by both its expression
in ectoderm-derived epithelial structures of the mam-
mary buds and its lack of expression in the underlying
mesenchyme. Given the clinical overlap between UMS
and LMS, it seems plausible that the causative genes in
these syndromes have similar functions. Several other
members of the same Brachyury (T) family have been
identified, but so far none of these has been localized to
chromosome 3. Alternatively, the causative gene in the
LMS family in the present study encodes a protein that
functions in the same signaling pathway as does TBX3.
So far, molecules interacting with members of the Brach-
yury family have not been identified in mammals. There-
fore, elucidation of the genetic defect in the family in
the present study may have important implications for
the field of developmental biology. Finding the causative
gene for LMS will also provide the tools to definitively
test the possibility of allelism between LMS and some
cases of EEC.
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